Inherited retinal degenerations (IRDs) encompass a large group of clinically and genetically heterogeneous diseases that affect approximately 1 in 3000 people (.2 million people worldwide) (Bessant DA, Ali RR, Bhattacharya SS. 2001 . Molecular genetics and prospects for therapy of the inherited retinal dystrophies. Curr Opin Genet Dev 11: 307 -316.). IRDs may be inherited as Mendelian traits or through mitochondrial DNA, and mayaffect the entire retina (e.g., rod-cone dystrophy, also known as retinitis pigmentosa, cone dystrophy, conerod dystrophy, choroideremia, Usher syndrome, and Bardet-Bidel syndrome) or be restricted to the macula (e.g., Stargardt disease, Best disease, and Sorsby fundus dystrophy), ultimately leading to blindness. IRDs are a major cause of severe vision loss, with profound impact on patients and society. Although IRDs remain untreatable today, significant progress toward therapeutic strategies for IRDs has marked the past two decades. This progress has been based on better understanding of the pathophysiological pathways of these diseases and on technological advances.
ROD -CONE DYSTROPHY
R od -cone dystrophies, also known as retinitis pigmentosa (RP), is a highly heterogeneous group of IRDs characterized by progressive bilateral degeneration of rod and cone photoreceptors. At present, there is no uniformly accepted classification of RP. The main criteria to classify RP include: (i) topography of the retinal involvement (central, pericentral, sector, or peripheral); (ii) age of onset; (iii) inheritance mode; and (iv) predominant type of photoreceptors involved. Many investigators divide RP into three main groups: nonsyndromic or "typical, classical, simple" (affecting the eye alone), syndromic (affecting other systems, such as hearing), and systemic (affecting multiple tissues and organs). It is generally considered that 70% -80% of all RP cases fall in the category of nonsyndromic rod -cone dystrophy (Ayuso and Millan 2010) .
In most forms of typical RP, degeneration of rod photoreceptors and loss of rod function precedes and exceeds cone degeneration. This is why the initial symptoms in RP, usually noted in childhood, are impaired dark adaptation and visual disturbances in dim light (nyctalopia). However, the age of onset may range widely, from early childhood to mid-30s to 50s or even later (Tsujikawa et al. 2008 ) and, in general, early-onset disease has worse prognosis. As RP advances, patients progressively lose their peripheral vision, while their central vision usually remains preserved until the late stages of the disease. This phenomenon is known as "tunnel vision." Light sensitivity ( photophobia) may be present at a later stage of the disease.
35% of patients experience light flashes ( photopsia) (Heckenlively et al. 1988) , described as small, blinking lights that are often continuous but tend to decrease over the years as scotomas become denser. Loss of central vision usually occurs by age 60, although most patients are legally blind by the age of 40 yr because of severely constricted visual fields (Hartong et al. 2006) .
Clinical Characteristics of RP
Clinical assessment of patients with RP (reviewed in Hartong et al. 2006 ) starts with complete past medical history and family history. Clinical tests that can reveal features of RP include psychophysical tests, slit lamp examination, fundus examination, electroretinogram (ERG), fundus autofluorescence, and spectral domain optical coherence tomography (OCT). Adaptive optics (described below) is a new tool for imaging cone photoreceptor matrix and is under evaluation for following-up cone disease in retinal dystrophies. Since the advent of fundus autofluorescence imaging, fluorescein angiography is no longer a diagnostic test for RP. Systemic evaluation and additional nonophthalmologic assessments (e.g., audiometric and vestibular tests, neurological examination, kidney function, and ultrasound) may be necessary to rule out syndromes and systemic disorders presenting with RP.
Psychophysical tests include best-corrected visual acuity measurement, which is usually normal in typical cases, even in advanced RP as long as a small area of central visual field is preserved. Kinetic and static perimetry typically show scotomas in the midperiphery that enlarge over years. Color vision (Farnsworth D15 panel or other tests) is usually preserved until advanced stages, when macular blue cone dysfunction (acquired tritanopia) may be apparent. Decline in contrast sensitivity (measured with a contrast chart) and fatigue are common complaints.
The early development of cataract is a common feature in RP, although the reasons for the capsular opacification remain poorly understood and may be because of vitreous changes and modification of blood-ocular barrier (reviewed in Jackson et al. 2001) . Slit lamp examination reveals cataract, mainly of posterior subcapsular type, in up to 50% of adult RP patients and its incidence increases with age (Heckenlively 1982; Fishman et al. 1985) . The mean age of surgery, as reported by Jackson et al. (2001) is 47.5 yr versus 72.5 yr for age-related cataract. In addition, RP patients tend to develop more posterior capsular opacification requiring YAG laser and zonular instability compared with age-related cataract (Dikopf et al. 2013) . Keratoconus is rare and is usually encountered in early onset disease. Cells within the vitreous are common.
Results of fundus examination may vary with the stage of the disease and may initially be normal. The earliest changes are associated with fine, dust-like granularity of the retinal pigment epithelium (RPE), pigmentary mottling but with normal vasculature. In the middle stage of the disease, patchy loss of RPE and the beginning of retinal vessel attenuation are apparent. Advanced RP is characterized by arteriolar narrowing, waxy pallor of the optic nerve head, and migration of intraretinal pigment (termed bone spicule deposits) secondary to photoreceptor cell death. Cystoid macular edema is reported in .40% of cases (Adackapara et al. 2008 ). Epimacular membrane is not uncommon. In addition, atrophic changes in the macula may also be observed early in some cases and represent another cause of earlier decrease in visual acuity in RP along with cystoid macular edema, epimacular membrane, and cataract.
Full-field Electroretinogram (ERG) is an objective method that records the electrical responses of the retina to light stimuli and is critical for the diagnosis of IRDs. The International Society for Clinical Electrophysiology of Vision (ISCEV) has elaborated recommendations for standardized minimal recording protocols (see http://www.iscev.org/), allowing for accurate diagnosis and inter-laboratory comparison. Full-field (Ganzfeld) ERG allows precise recording of both rod (after dark adaptation, scotopic conditions) and cone (after light adaptation, photopic conditions) photoreceptor function as well as response summation at the inner retinal level. ERG has not only diagnostic but also prognostic value, based on amplitude and implicit time preservation. In the early stages of RP, scotopic responses are more affected than photopic responses, involving both the a-wave (hyperpolarization of photoreceptors-mostly rods-under dark adaptation) and the b-wave (generated at the inner retinal level on visual signal transmission from the photoreceptors). In case of sector RP (disease restricted to a retinal area, usually inferior), there is no implicit time shift. This is not the case in classical RP, which involves the entire retina. ERG abnormalities vary with the underlying genetic defect. X-linked RP is associated with more severely affected ERG responses in comparison with autosomal recessive and dominant RP, these two subgroups being characterized by a wider functional heterogeneity (Hartong et al. 2006) . In later stages of the disease, the ERG responses become progressively lower to the point of being undetectable-even though visual acuity can be preserved, the electrical contribution of the macula to full-field ERG is negligible. In these cases, multifocal ERG or pattern ERG can be used to better assess macular function and objectively document disease progression toward the fovea (Hood et al. 1998; Robson et al. 2003) . Special recording techniques have been developed to better document cone responses in case of submicrovolt photopic ERG responses (Andreasson et al. 1988; Birch and Sandberg 1996; Sieving et al. 1998) .
Fundus autofluorescence is an efficient, noninvasive imaging method for topographic mapping of lipofuscin changes in the RPE and monitoring of retinal degeneration. In RP, decreased or absent fundus autofluorescence, usually observed in periphery, indicates loss of RPE/photoreceptor cells. A peculiar parafoveal ring of hyperautofluorescence was first reported by Robson et al. (2003) and may be present in .60% of patients (Murakami et al. 2008) . Its diameter correlates with preservation of macular ( Fig. 1 ) function (Robson et al. 2003 ) and tends to constrict with disease progression (Robson et al. 2011 ). This ring, as functional correlate, may be used as a noninvasive outcome measurement in future clinical trials aimed at slowing disease progression.
Spectral domain OCT is now an established method for assessing retinal thickness and photoreceptor layer architecture. For example, the presence of the inner segment ellipsoid and interdigitation zone on OCT images highly correlates with normal visual function (Witkin et al. 2006; Mitamura et al. 2012) . Spectral domain OCT is useful for detecting and monitoring macular edema as well as detecting epimacular membrane in RP patients (Koizumi et al. 2008; Hagiwara et al. 2011 ).
An adaptive optics fundus camera enables observation of cone photoreceptor mosaics in vivo (Fig. 2) (Gocho et al. 2013) . The blurred areas of cone mosaics (heavily decreased density) in adaptive optics images correspond to the high-density fundus autofluorescence ring in fundus autofluorescence images and to the border of the external limiting membrane and the ellipsoid zone in OCT images (Tojo et al. 2013) . Adaptive optics can therefore be useful in monitoring progression of RP and therapeutic intervention (Talcott et al. 2011 ). Haim 2002) . The substantial differences in epidemiological data reflect not only the variable criteria applied in different surveys, but also the substantial genetic diversity between populations in terms of prevalence of specific mutations and proportion of specific genetic types. On the basis of visual field criteria and ophthalmoscopic fundus appearance, the prevalence of RP in adult population (aged !30 yr) of rural Central India was estimated at 1:750 (Nangia et al. 2012) . High prevalence of 1:930 and 1:372 was reported in the urban and rural South Indian population aged above 40 yr (Sen et al. 2008) . The Beijing Eye Study reported RP in about one in 1000 elderly Chinese (aged !40 yr) in North China (Jonas et al. 2009 ), whereas the Beijing Eye Public Health Care Project, a population-based study designed to screen all inhabitants aged of 55 to 85 yr and living in the rural regions of the Beijing municipality, reported prevalence of RP of about 1:4000 (You et al. 2013) . RP inheritance can be autosomal dominant, autosomal recessive, or X-linked, in addition to rare mitochondrial and digenic forms, and there is genetic heterogeneity within each group. Of the total number of nonsyndromic, nonsystemic cases, 19% are autosomal dominant, 65% are autosomal recessive or simplex cases, and 8% are Xlinked (Bunker et al. 1984) . Population-based epidemiological and genetic study of X-linked RP (XLRP) in Denmark reported estimated prevalence of affected males of approximately 1:15,000 (Prokisch et al. 2007) . The great success in identifying genes and mutations causing RP during the past two decades has revealed the tremendous genetic complexity of IRDs such as RP. According to the Retinal Information Network, RetNet, 232 genes causing IRDs have been mapped to a specific chromosomal site to date and 192 of these have been identified (see https://sph.uth.edu/retnet/sum-dis.htm, accessed May 30, 2013).
The first causative gene for RP, the rhodopsin gene (RHO), was discovered in 1990 in autosomal dominant RP (Dryja et al. 1990) . A majority of RP mutations affect rods selectively. However, the initial rod photoreceptor death is followed by secondary loss of cone photoreceptors that occurs regardless of the underlying mutation. The strikingly heterogeneous etiology of RP is complicated by the fact that mutations in many distinct genes can cause the same phenotype, mutations in the same gene may cause different diseases, and the same mutation in different individuals may be associated with wide range of phenotypic expressivity, even Figure 1 . Fundus photographs, autofluorescence and spectral domain optical coherence tomography of a patient with rod -cone dystrophy (retinitis pigmentosa). Fundus photography (A right eye and B left eye), Fundus autofluorescence blue (C right eye and D left eye) and near infrared (E right eye and F left eye) as well as Sd-OCT (G horizontal scan, I vertical scan of the right eye, H horizontal scan and K vertical scan of the left eye) of a patient with rod -cone dystrophy (retinitis pigmentosa). On the color pictures note the waxy disc pallor of the optic disc, narrowed retinal vessels and preserved macular region with a high density ring of hyperautofluorescence around the macula associated with relatively preserved macular lamination on Sd-OCT.
within the same family. For example, autosomal recessive RP can be caused by mutations in more than 44 genes identified so far; these include RHO (Rosenfeld et al. 1992) , the PDE-b gene (encoding the b subunit of rod cGMP phosphodiesterase) (McLaughlin et al. 1993) and the gene encoding the a subunit of the rod cGMP-gated channel (Dryja et al. 1995) . At least 23 autosomal dominant RP genes have been identified to date and three of them, RHO, RP1, and PRPH2, account for approximately 25% -30%, 5% -10%, and 5% -10% of all autosomal dominant RP cases, respectively. Similarly to RHO, mutations in NRL can also cause either dominant or recessive disease. Mutations in the RPGR gene are associated with X-linked RP (Roepman et al. 1996) and account for 70% -90% of X-linked cases; another 10% -20% are caused by RP2 mutations. Mutations in some genes (e.g., PRPH2) can cause dominant RP, dominant macular degeneration or other distinct forms of retinopathy (Daiger et al. 2007 ). The functions of the genes involved in the pathogenesis of RP are highly variable. A majority of causative mutations are directly involved in the phototransduction cascade, for instance, rhodopsin (RHO), the genes for the catalytic unit and subunits of PDE6 (PDE6A and PDE6B, respectively), the subunit of the rod cyclic nucleotide gated channel (CNGA1), and arrestin (SAG). Some of these mutations cause not only RP but also other IRDs, including congenital stationary night blindness and cone dystrophies. Other mutated genes alter the function of proteins crucially involved in maintaining the visual cycle (e.g., RPE65, RLBP1, RGR, ABCA4) or photoreceptor structure (PRPH2, ROM1), as well as transcription factors (e.g., NR2E3, NRL, CRX).
Syndromic and Systemic Forms of RP
Approximately 20% -30% of RP patients have associated syndromic nonocular disease or systemic conditions involving multiple organs and pleiotropic effects (.30 different syndromes).
Usher syndrome is the most frequent form of syndromic RP, in which RP is associated with hearing impairment. It accounts for 18% of RP cases (Boughman et al. 1983 ). The disease is inherited in an autosomal recessive manner and is the most frequent cause of combined deafness and blindness in humans. It has a prevalence of about one in 20,000 in the Caucasian popula- tion, but the estimations vary (e.g., 1:12,500 in Germany and 1:29,000 in persons of Scandinavian descent). Fifteen chromosomal loci and 12 genes have been identified so far and assigned to three major clinical types, depending on the severity and progression of the hearing loss, the coexistence with vestibular dysfunction and the age of onset of RP (Petit 2001 ) (RetNet database, see https://sph.uth.edu/retnet/). Symptoms vary from person to person and progress at different rates. Usher syndrome type I is the most severe form of the disease. It is characterized by congenital, bilateral, severe-to-profound, sensorineural hearing impairment associated with vestibular dysfunction. By the age of 10 yr, children experience progressive vision loss caused by RP. Balance disturbances result in retarded motor development. Usher syndrome type II is a less severe subtype, with moderateto-severe hearing impairment from birth, late onset of RP (after puberty), and normal vestibular function. In Usher syndrome type III, hearing loss begins in the first two decades of life and worsens over time, vision loss is progressive and variable in severity (starting around puberty), and vestibular dysfunction is variable.
Another major form of syndromic/systemic RP is Bardet-Biedl syndrome, in which RP is associated to varying degrees with polydactyly, obesity, type 2 diabetes, hypogonadism, cognitive impairment, and renal abnormalities that can be a major cause of morbidity and mortality in this syndrome (Forsythe and Beales 2012) . The prevalence of Bardet-Biedl syndrome varies markedly between populations, from 1:160,000 in northern European populations to 1:13,500 in Kuwait (Forsythe and Beales 2012) , and this form accounts for about 5% -6% of RP cases (Haim 2002) . Currently, 16 genes are known to be associated with Bardet-Biedl syndrome, accounting for approximately 80% of clinically diagnosed cases (Forsythe and Beales 2012) .
Recent evidence indicate that a number of multisystemic diseases, collectively termed ciliopathies, result from mutations in ciliary genes, including Joubert syndrome, nephronophthisis, Senior-Løken syndrome, orofaciodigital syndrome, Jeune syndrome, autosomal dominant and recessive polycystic kidney disease, Leber congenital amaurosis, Bardet-Biedl syndrome, Meckel-Gruber syndrome, and Usher syndrome (Novarino et al. 2011) . These clinically and genetically heterogeneous disorders share substantially overlapping clinical features, such as renal cysts, hepatic disease, retinal degeneration, polydactyly, cognitive impairment, sinus inversus, cerebellar hypoplasia, and obesity (Waters and Beales 2011) .
Joubert syndrome (reviewed in Romani et al. 2013 ) is a complex ciliopathy, characterized by hypotonia progressing to ataxia, global developmental delay, ocular motor apraxia, breathing dysregulation, and, often renal defects and congenital liver fibrosis. The hallmark of the disease is the "molar tooth sign" visible on cerebral magnetic resonance imaging. Joubert syndrome is commonly associated with retinal defects that range in severity from Leber congenital amaurosis to slowly progressive retinopathies with partially preserved vision. Estimates of the incidence of Joubert syndrome range between 1:80,000 and 1:100,000 live births, but this is probably an underestimate. In the Askhenazi Jewish population, the predicted prevalence of Joubert syndrome is as high as one per 34,000 people. Today, 21 causative genes with autosomal or X-linked recessive inheritance have been identified, all of which encode for proteins of the primary cilium or its apparatus.
Senior-Løken syndrome is an autosomal recessive disease characterized by retinal dystrophy and a medullary cystic kidney disease, nephronophthisis. RP in Senior-Løken syndrome may present either as congenital retinal blindness caused by retinal dysplasia or as progressive retinal degeneration later in childhood (Waters and Beales 2011) . So far, mutations in 13 genes coding for proteins in the connecting cilium of photoreceptor cells and in the primary cilium of kidney cells have been shown to cause Senior-Løken syndrome (reviewed in Ronquillo et al. 2012) . Most of these mutations are also associated with pathologies in other organs, besides kidneys and retina.
Until now, .80 loci have been reported to be associated with ciliary disorders (van Reeuwijk et al. 2011) . Intriguingly, mutations in CEP290 have been described in 50% of Jou-bert syndrome subgroup of ciliopathies and up to 20% of cases of Leber congenital amaurosis, and found to be associated with a wide variety of distinct phenotypes, including Senior-Løken syndrome, nephronophthisis, Bardet-Biedl syndrome, and Meckel-Gruber syndrome (for review Coppieters et al. 2010; Waters and Beales 2011; Drivas et al. 2013 ). At present, despite the identification of more than 100 CEP290 mutations (Coppieters et al. 2010) , no clear genotype -phenotype correlations could be established and the mechanisms underlying the highly variable phenotypes associated with ciliary dysfunction remain to be elucidated.
CONE -ROD DYSTROPHIES
Although most cases of RP are characterized by typical initial rod loss followed by the loss of cone photoreceptors, there are many inherited retinal diseases in which cone degeneration precedes the rod degeneration. These conditions are referred to as cone -rod degenerations/dystrophies (CORDs). Loss of visual acuity, color vision, and photophobia are characteristic early manifestations of the disease, with onset usually occurring in late childhood or early adult life, followed by night blindness and loss of peripheral visual fields (for a detailed review of clinical manifestations, see Michaelides et al. 2004 ). Macular pigment deposits and atrophy or a bull's-eye maculopathy are visible on fundus examination in the early stages. Peripheral RPE atrophy, retinal pigmentation, arteriolar attenuation, and optic disc pallor can be seen in the late stages of the disease process. Full-field ERG reveals a predominant alteration of photopic (absent or severely impaired cone function) over scotopic (rod) responses. The rate of disease progression varies widely between families. Visual acuity usually deteriorates severely over time, to the "counting fingers" level. Sometimes the loss of cones and rods is concomitant. CORDs can be inherited as autosomal recessive, autosomal dominant, X-linked, or mitochondrial traits. Most cases of progressive cone dystrophy and CORD are sporadic; autosomal dominant is the most common mode of inheritance in familial cases (Michaelides et al. 2004 ).
So far, mutations causing autosomal dominant CORDs have been identified in 10 genes, including two major genes being CRX (which also causes LCA7) and GUCY2D (which also causes LCA1), as well as AIPL1 (which also causes LCA4), GUCA1A, PITPNM3, PROM1, PRPH2, RIMS1, SEMA4A, and UNC119, and four loci: CORD4 (17q), RCD1 (6q25 -q26), CORD16 (2q24.2 -2q33.1), and 10q26 (Kamenarova et al. 2013 ). Most of the sporadic cases probably represent autosomal recessive inheritance, but some may represent new autosomal dominant mutations and, in severely affected males, X-linked disease. Mutations in ABCA4 (also known to cause Stargardt disease 1) are responsible for 30% -60% of cases of autosomal recessive CORD; other genes associated with autosomal recessive CORDs include ADAM9, RPGRIP1, CDHR1, and HRG4. Mutations in RPGR, the gene encoding the protein that interacts with RPGRIP1, have been associated with X-linked CORD families. One additional chromosomal locus for X-linked CORD has been identified to date: CORDX3 (Xp11.4-q13.1). CORDs are usually nonsyndromic, but they may also be associated with several syndromes, including Bardet-Biedl syndrome or spinocerebellar ataxia type 7 (Michaelides et al. 2004 ).
LEBER CONGENITAL AMAUROSIS (LCA)
LCA is a rare, infantile-onset retinal dystrophy with prevalence at birth of 1:30,000 -1:80,000, accounting for 5% of all inherited retinopathies (reviewed in den Hollander et al. 2008) . It is most commonly inherited as an autosomal recessive trait, but autosomal dominant forms have been linked to mutations in CRX and less commonly in IMPDH1 and OTX2. Two types of LCA exist with either rod -cone or cone -rod dysfunction in correlation with the underlying genetic defect. The constellation of severe and early visual loss, nystagmus, sluggish pupils and nondetectable ERG responses is pathognomic. Children with LCA may present with an oculodigital reflex and, in some cases, neurodevelopmental delay. Rare associated ocular features are strabismus, high hyperopia, high myopia, cataracts, keratoconus/keratoglobus, macular pseudocoloboma, pigmentary retinopathy and maculopathy, disc edema, and retinal vascular attenuation (Koenekoop 2004) . LCA is caused by mutations in any one of at least 18 genes (Falk et al. 2012; Koenekoop et al. 2012) , (see https://sph.uth.edu/retnet/). At present, more than 400 mutations have been identified and associated with 70% of all LCA cases. LCA is currently considered to be the most severe retinal dystrophy without major systemic features.
X-LINKED RETINOSCHISIS
X-linked retinoschisis is an inherited retinal disorder with estimated prevalence between 1:5,000 and 1:25,000 (George et al. 1995 (George et al. , 1996  The Retinoschisis Consortium 1998). X-linked retinoschisis accounts for almost all cases of congenital retinoschisis and is the leading cause of macular degeneration in young males. It is characterized by a splitting of the inner layers of the neurosensory retina, resulting in characteristic foveal schisis and vision loss. ERG has a characteristic "electronegative" appearance with relative loss of the positive, rod-driven b-wave and preservation of the negative a-wave (Sieving et al. 1999) . X-linked retinoschisis is a clinically heterogenous disease (reviewed in George et al. 1996; Pimenides et al. 2005) . It may be diagnosed either in infancy (with squinting, rarely nystagmus and severe vision loss) or at school age (with decreased visual acuity). The disease course may be variable and is usually mild until age 40 yr. The visual acuity thereafter declines progressively. Peripheral retinal abnormalities are seen in more than half of cases. Vitreous hemorrhage, retinal detachment, and neovascular glaucoma may occur. The disease is caused by mutations in the RS1 gene encoding retinoschisin, an important protein for cell adhesion (Sauer et al. 1997) . More than 100 different mutations have been identified so far. Wide variations in clinical phenotype described between and within families are independent of the mutation type. Females who are homozygous for an RS1 mutation show similar symptoms and signs to affected males.
STARGARDT DISEASE
Stargardt disease, together with its phenotypic variant fundus flavimaculatus, is the most common macular degenerative disease in patients under 50 yr of age. It is characterized by juvenile-onset, progressive, bilateral macular atrophy with subretinal deposition of lipofuscinlike material. Stargardt disease affects approximately one in 10,000 individuals (Blacharski 1988) . However, the carrier frequency for a mutation in the causative gene may be as high as 1:20 (Yatsenko et al. 2001) , thus explaining why pseudodominant cases are not uncommon. Typical Stargardt disease with macular atrophy is usually diagnosed before the age of 20 with impaired central and detailed vision and decreased visual acuity. Fundus flavimaculatus is usually diagnosed later. Later ages of onset have been associated with a more favorable visual prognosis. The disease manifests with decreased central vision that gradually worsens. Color vision may be variably affected with typical redgreen defect. Diagnosis is based on fundus examination, full-field and multifocal or pattern ERG, and fundus imaging (fundus autofluorescence and OCT). Fundus autofluorescence shows typically a loss of foveal autofluorescence, a patchy appearance of autofluorescence in the macular region with alternating hypo-and hyperautofluorescence dots and a peripapillary sparing of the autofluorescence (Fig. 3) . Another historical hallmark feature of Stargardt disease is the presentation of a dark choroid during fluorescein angiography examination, which is not necessary for diagnosis since the advent of autofluorescence imaging. Full-field ERG has a prognostic value with three functional groups reported by the Moorfields team: group 1, characterized by restricted macular dysfunction, as documented with multifocal or pattern ERG, with normal scotopic and photopic full-field ERG; group 2, characterized by generalized cone dysfunction on the full-field ERG (abnormal photopic responses, but normal scotopic responses); and group 3, characterized by both cone and rod dysfunction on full-field ERG (both photopic and scotopic response abnormalities) (Lois et al. 2001 This is a free sample of content from Retinal Disorders: Genetic Approaches to Diagnosis and Treatment.
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illustrate the phenotypic variability associated with ABCA4 mutations. Group 2 and group 3 are the most severe, with not only loss of central vision, but also progressive loss of peripheral visual fields and complete blindness. Such forms really represent a type of cone-rod dystrophy linked to ABCA4 mutation. Typically, Stargardt disease, reported for the first time by Karl Stargardt in 1909 (Stargardt 1909 , is inherited as an autosomal recessive trait (Stargardt Disease 1, MIM #248200) with mutations in the ABCA4 gene on chromosome 1p13 -p21 (Gerber et al. 1995; Allikmets et al. 1997) . More than 600 disease-causing mutations have been identified so far. The ABCA4 ( photoreceptor-specific ATP-binding cassette transporter 4) gene encodes for a retinal protein that is localized at the rims of the outer segments of both rod and cone photoreceptors (Sun and Nathans 1997) . The retinal-specific ATP-binding cassette transporter protein has an essential role in the clearance of all-trans-retinal from the disk membranes after photoexcitation of rhodopsin (reviewed in Tsybovsky et al. 2010) . Loss of protein function results in impaired transport of retinoids, accumulation of toxic substances (of which the best studied is A2E), and death of RPE cells and photoreceptors. As mentioned above, mutations in ABCA4 are not only responsible for Stargardt disease, but are also a major cause of autosomal recessive CORD, and possibly also autosomal recessive RP (Sun and Nathans 1997; Cremers et al. 1998) . The effects of the various mutations on ABCA4 protein function may be responsible for this phenotypic variability; nonsense or frameshift mutations with protein truncation being more commonly involved in CORD or RP than in typical Stargardt disease 1 (Sun and Nathans 1997) . More recently, a few rare families have been reported with an autosomal dominant maculopathy with yellow flecks in the fundus resembling Stargardt disease (Stargardt disease, 3, MIM #600110). This is caused by mutations in the ELOVL4 gene on chromosome 6q14.1 ).
CHOROIDEREMIA
Choroideremia is an X-linked retinal dystrophy that is characterized by progressive degeneration of the choriocapillaris, RPE, and photoreceptors, and progressive vision loss. Choroideremia typically affects males. Female carriers are usually asymptomatic, but retinal exams may show a characteristic fundus appearance with irregular pigmentation on the fundus. Despite these widespread changes in the fundus, ERG is normal in female carriers ("dirty fundus, normal function"), although some cases of retinal degeneration have been reported (Potter et al. 2004) . Night blindness occurring in early childhood is usually the first symptom of the disease. It is followed by progressive loss of the peripheral visual field (tunnel vision) and later decreased visual acuity. The disease is progressive, but, compared with X-linked RP, visual prognosis is more favorable and patients usually maintain good central vision until their 50s or 60s. Fullfield ERGs reveal rod -cone dysfunction: Scotopic responses with a reduction of the a-wave amplitude originating from rod photoreceptors are more severely affected than photopic responses. Fundus examination shows typical signs that distinguish choroideremia from RP: There is usually large scalloped chorioretinal atrophy with bare sclera in the periphery spreading toward the macula with little or no pigment migration. Unlike in RP, the optic nerve maintains its normal color until late in the course of the disease, and there is no narrowing of retinal blood vessels. Fundus autofluorescence reveals loss of autofluorescence in chorioretinal atrophic area with island of persistent autofluorescence, which, however, has a salt-and-pepper speckled appearance (Renner et al. 2006) . OCT reveals thinning of both outer retinal structures and choriocapilaris that are sharply demarcated with evidence of retinal tabulation on the atrophic areas (Goldberg et al. 2013) .
Choroideremia prevalence is estimated to be 1 in 50,000 to 100,000 people, accounting for 4% of all blindness (see http://ghr.nlm.nih .gov/condition/choroideremia). The disease is caused by mutations in the CHM gene (encoding Rab Escort Protein 1, REP-1) (Cremers et al. 1990 ) and more than 100 causative mutations have been described so far. REP-1 is involved in posttranslational lipid modification of Rabs (small Ras superfamily GTPases), which are key regulators of phagocytosis, secretion, and intracellular trafficking in a variety of tissues throughout the body (reviewed in Preising and Ayuso 2004) .
CONGENITAL STATIONARY NIGHT BLINDNESS
Congenital stationary night blindness (CSNB) is a nonprogressive retinal degenerative disorder characterized by lifelong night blindness. The Schubert-Bornschein type is the most common type of CSNB, characterized by an electronegative response of the ERG to a bright white flash in the dark-adapted eye, with a normal a-wave and selective reduction of the b-wave amplitude resulting on a reduced b/a ratio. Electrophysiology is therefore critical for the diagnosis of CSNB. The disease is most commonly inherited as an X-linked recessive trait, but can also have autosomal recessive and rarely autosomal dominant inheritance. Clinically, Schubert-Bornschien CSNB may present in two forms: complete and incomplete, according to whether there is a rod-specific ERG response to a dim light under dark adaptation (Miyake et al. 1986 ). Complete CSNB is characterized by severe night vision disturbances, nystagmus, high myopia and strabismus, reduced visual acuity, and severely reduced b-wave amplitude, with cone-specific ERG waveform abnormalities (Audo et al. 2008 ). Complete CSNB is caused by mutations in the gene NYX for X-linked forms, and in GRM6, TRPM1, GPR179, or LRIT3 for autosomal recessive inheritance. Incomplete CSNB has a more variable clinical manifestation, and light sensitivity is usually the main complaint, along with nystagmus, strabismus, and low vision. This form of CSNB is characterized by a reduced rod b-wave and substantially reduced cone responses. Incomplete CSNB has been associated with mutations in CACNA1F for the X-linked forms and in CABP4 and CACNA2D4 for the autosomal recessive forms (reviewed in Zeitz et al. 2013 ). To date, more than 300 mutations have been identified in the genes underlying CSNB. A less common form of CSNB has been reported by Riggs and is associated with severe rod photoreceptor dysfunction in association with mutations in genes involved in rod phototransduction cascade such as rhodopsin and the b subunit of rod phosphodiesterases. This Riggs-type of CSNB is usually inherited as a dominant trait with normal daylight vision (reviewed by Dryja 2000) .
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ACHROMATOPSIA
Achromatopsia, also called rod monochromacy or total congenital color blindness, is a congenital disorder with estimated prevalence of 1:30,000 (Michaelides et al. 2004) . It is an autosomal recessive or X-linked disorder of the cone photoreceptors characterized by inability to distinguish colors, severely impaired visual acuity, photophobia, and nystagmus. The clinical manifestations occur early in infancy, and the disease course is usually nonprogressive. Spectral domain OCT may reveal foveal cone abnormalities (Genead et al. 2011 (Fishman et al. 1989; Grover et al. 1997) . As a general guideline, cataract surgery is indicated in individuals with lens opacities and should be performed as soon as it causes significant impairment of vision and before the disease evolves to a point at which it could limit postoperative recovery. In general, RP patients experience significant improvements in visual acuity after cataract surgery (reviewed in Bayyoud et al. 2013; Dikopf et al. 2013 ). However, patients should be informed that postoperative visual acuity cannot be accurately predicted before surgery because the part of cataract versus the part of macular dysfunction in the decrease of vision is sometime difficult to evaluate. Vitamin A þ/2 lutein and omega-3 DHA can be used as nutritional supplements for patients with retinal degenerations, including RP, in the absence of contraindications Berson et al. 2004; Hoffman et al. 2004 ). Lutein and/or zeaxanthin (macular pigments from dietary sources) alone or in combination with vitamin A have shown some benefits in individuals with RP (e.g., increased macular pigment, decreased loss of visual field) Bahrami et al. 2006; Berson et al. 2010) .
Although the general recommendations mentioned above may help, to some extent, to slow down the disease, there are, so far no curative treatment. Active research is being conducted to develop innovative treatments that address different aspects of the disease. These therapies aim to efficiently stop disease progression or restore some visual perception through genetargeting therapies or neuroprotection, or seek to actively regenerate visual function through retinal prosthesis, optogenetics, cell based-therapies, or sensory substitution devices.
Gene Therapy
The past two decades have been marked by exceptional progress in understanding the biology and pathophysiology of the retina and identifying genes and mutations underlying IRDs. Despite this significant progress, the genetics of 50% of IRDs remain to be established (Hartong et al. 2006) . With the first success of gene therapy for LCA, finding the genetic cause of IRD becomes increasingly important-not only for the correct diagnosis of retinal disease, but also for providing a key to genebased treatments. Gene therapy aims to replace, augment or "repair" the mutated and improperly functioning genes with normal genes that can restore protein function when expressed in retinal cells.
Most gene-mediated therapeutic strategies developed today use viral vectors that enable efficient gene delivery and stable transgene expression. The adenoviral vectors were among the first to be tested for retinal transduction (Bennett et al. 1994) . These vectors have a relatively large cloning capacity, ranging from 8 to 40 kb. Subretinal injections of adeniviral vector lead to efficient transduction of the RPE but limited transduction of the photoreceptors. In addition, these vectors are proinflammatory and immunogenic (Hoffman et al. 1997) . Lentiviral vectors derived from human immunodeficiency virus 1, almost completely devoid of viral coding sequences, have a cloning capacity in the range of 8-9 kb and are capable of transducing both dividing and nondividing cells (Naldini et al. 1996) . In rodents, subretinal injection of lentiviral vector resulted in very effective targeting of the RPE, but targeting of retinal neurons appeared limited (Auricchio et al. 2001; Bemelmans et al. 2005 ). In addition, lentiviruses are RNAviruses, compared with adenoviruses and adeno-associated viruses (AAV), which are DNA viruses. Vectors in RNA viruses can potentially integrate at random positions in the genome, with potential subsequent carcinogenesis, whereas those from DNAviruses mainly remain episomal. This risk is limited in the eye, however, because subretinally injected viruses target postmitotic cells. AAV-derived vectors are currently the preferred vectors for ocular gene therapy because of several key properties. First, AAV vectors display low immunogenicity because their genome is completely devoid of viral coding sequences. Second, there are a variety of different AAV serotypes possessing distinct properties. For example, subretinal injection of serotype 4 specifically targets RPE cells, serotypes 7 and 8 are more specific for photoreceptors, and serotype 5 can target both layers with equivalent efficacy; intravitreal injection of AAV2 or 8 results in transduction of retinal ganglion cells (reviewed in Colella and Auricchio 2010) . Finally, long-lasting transgene expression is achieved following AAV transduction-provided that the target cell survives and does not divide. In a majority of cases, this is an advantage, but it may also represent a disadvantage in cases that require cessation of treatment. Factors that determine the specificity or efficacy of retinal cell transduction include dose, administration route/site of delivery, disease state, animal model, and capsid (Vandenberghe and Auricchio 2012) . Very efficient transduction of RPE (usually 100% transduction in the area of detachment) and variable transduction of photoreceptors (20% -80%, depending on the serotype and titer used) were reported for all subretinally administered AAV serotypes ( Vandenberghe and Auricchio 2012) . To date, subretinal administration is the most efficient method for targeting photoreceptors and RPE cells, but it is technically more challenging than intravitreal injection and could be associated with postsurgical complications. Use of a newly developed AAV variant (7m8) that mediates efficient panretinal delivery of the therapeutic gene from the vitreous has recently been reported in mice and nonhuman primates with X-linked retinoschisis and LCA (Dalkara et al. 2013) . The 7m8 vector enabled noninvasive, long-term histological and functional rescue of these disease phenotypes across the entire retina, offering clinically relevant implications for further gene therapy development.
The therapeutic efficacy of the viral vectors has been shown in many experimental models of retinal disease, mainly those concerning monogenic recessive IRDs. In this case, a copy of the normal gene is introduced into an individual's target cells and tissues to prevent a disease, treat a disease, arrest disease progression, or slow down the degenerative process. Impressive rescue of retinal degeneration in animal models has been shown using adenovirus- (Bennett et al. 1996) , AAV- (Ali et al. 2000) , or lentivirus-based vector technology (Tschernutter et al. 2005) . Today, RPE65 gene-replacement is the most notable example of successful gene therapy for retinal degenerative disorders. Proof of concept for gene replacement therapy has been shown by the team of Jean Bennett (Acland et al. 2001) in the Swedish Briard dog, a model of human LCA. A single subretinal injection of AAV2.RPE65 restored visual function in this canine model of LCA in a safe, sustained, and long-term manner (Acland et al. 2005) . On this basis, clinical trials of recombinant AAV (rAAV)-mediated gene therapy for patients with LCA have been implemented. Safety and efficacy of the gene transfer and stable rescue of visual function lasting for at least 3 yr have been shown (Bainbridge et al. 2008; Hauswirth et al. 2008; Maguire et al. 2008; Jacobson et al. 2012; Testa et al. 2013) . Readministration of AAV has been studied using bilateral subretinal injections in mouse (Barker et al. 2009 ), dog (Annear et al. 2011) , and monkey (Amado et al. 2010 ) models of IRDs. Readministration of RPE65 gene-based treatment to the contralateral eye of adult patients with LCAwas recently reported to evoke significantly greater responses in the second eye (Bennett et al. 2012) , supporting the feasibility and benefits of repeated gene therapy in retinal degenerative diseases. Despite the improved vision after RPE65 gene augmentation therapy, however, photoreceptor degeneration was shown to progress both in the canine model and in humans (Cideciyan et al. 2013 ). This report directs attention to the need for further studies to assess the long-term safety, morphological outcomes, and functional benefits of gene therapy in LCA and other forms of retinal degeneration, and to evaluate combination therapies to improve vision and slow retinal degeneration in the long term. Nevertheless, the relatively good safety profile of the RPE65 gene replacement studies in humans has opened the path for other gene therapy studies.
Choroideremia, which is a recessive, monogenic retinal disorder without extraocular manifestations, could be considered an "ideal" target for gene augmentation therapy. As the CHM cDNA is ,4.7 kb in length, it is suitable for packaging in rAAV (Vasireddy et al. 2013) . Despite these favorable factors, the main challenge in developing gene therapy for choroideremia at present remains the lack of an animal model that accurately reflects the human condition. Recently, it has been reported that subretinal injections of a lentiviral CHM/REP1 cDNA transgene resulted in efficient transduction of the RPE, longterm expression for at least 6 mo and a rescued prenylation defect in the CHM mouse (Tolmachova et al. 2012 ). An open-label, dose-escalation phase 1 clinical trial is being undertaken in Oxford University to assess the safety and tolerability of the AAV2.REP1 vector administered at two different doses to the retina in 12 choroideremia patients (see http://ClinicalTrials.gov .identifier: NCT01461213, PI: Rob McLaren). This gene therapy is expected to restore REP1 activity in the RPE of choroideremia patients. So far, six patients have been included with no major safety issues (MacLaren et al. 2014) .
Applying a similar approach, an openlabel phase 1 study has been initiated by Dr. Alkuraya in Saudi Arabia, for gene replacement therapy of MERTK (rAAV2-VMD2-hMERTK) in patients with MERTK-associated retinal disease (see http://ClinicalTrials.gov. Identifier: NCT01482195). This study follows a proof-ofprinciple study in RCS rats (Conlon et al. 2013) , a model of retinal degeneration. MERTK mutations are a rare cause of RP in humans and lead to retinal dystrophy in RCS rats.
Many preclinical studies using rAAVs are currently underway to prepare for future gene therapy trials. Targeted disorders include achromatopsia and X-linked retinoschisis. Canine CNGB3 mutations have been identified in Alaskan malamute and German shorthaired pointer breeds, providing a valuable system for studying the disease mechanisms for achromatopsia and evaluating potential therapies (Sidjanin et al. 2002) . A recent study in these naturally occurring canine models of a CNGB3 defect showed rescue of cone photoreceptor function after a single subretinal injection of rAAV5-mediated gene replacement therapy using different forms of the human red cone opsin promoter (Komaromy et al. 2010) . The rescued cone function was documented by cone-specific ERG, and recovery of day vision was sustained for .2 yr, suggesting that the correction is stable and probably permanent. Recent studies have also shown that AAV-mediated delivery (serotypes 2, 5, or 8) of the normal RS1 gene can promote longterm rescue of retinal structure and function in a mouse model of X-linked retinoschisis (Zeng et al. 2004; Kjellstrom et al. 2007; Janssen et al. 2008; Park et al. 2009 ). Intravitreal administration of the 7m8 vector (7m8-RS1) in the Rs1h knockout mouse led to high-level, panretinal RS1 expression in photoreceptors and throughout all other retinal layers, to levels comparable to wild-type for this secreted protein. This treatment led to substantial and stable improvements in rod and cone photoreceptor-mediated visual function and synaptic transmission (Dalkara et al. 2013) . These studies provide substantial evidence that gene replacement therapy can be considered as a potential treatment for Xlinked retinoschisis.
The above-mentioned gene replacement studies targeted relatively small genes with relevant animal models for treatment validation through preclinical studies. Other diseases raise distinct challenges, including Stargardt disease and Usher syndrome, which have underlying genetic defects in large genes and lack animal models to obtain proof-of-principle validation of disease rescue. As mentioned above, the use of lentivirus vectors allows packaging of larger genes up to 9 kb and therefore offers a tool for delivery of genes that cannot be packaged in AAV. A better understanding of animal models that do not completely mimic human disease may allow identification of useful markers that are relevant in pathogenicity. Examples of such models include the Abca -/ -mouse, which does not strictly develop the central photoreceptor degeneration observed in Stargardt disease, but does show progressive accumulation of A2E, a major component of the disease process in humans (Cideciyan et al. 2004 ). Similarly, the shaker mouse, which has mutations in Myo7A (also mutated in Usher syndrome type IB), shows abnormal rhodopsin trafficking within rod outer segments and abnormal melanosomes in RPE cells (Liu et al. 1998 (Liu et al. , 1999 . These markers have been very useful for validating gene replacement therapy in the respective models. High transduction efficiency of both rod and cone photoreceptors was observed after subretinal injection of equine infectious anemia virus (EIAV)-derived lentiviral vectors expressing human ABCA4 gene in a mouse model of Stargardt disease, and correction of the disease phenotype was shown (Kong et al. 2008 ). This opened the way for clinical evaluation of lentiviral gene therapy as potentially efficient tool for treating retinal diseases. Indeed, three clinical trials are currently underway to evaluate the safety of StarGen TM (NCT01367444) in patients with Stargardt macular degeneration, UshStatw (NCT01505062) in patients with Usher Syndrome Type IB and RetinoStatw (NCT01301443) in patients with age-related macular degeneration, with all three vectors designed and developed by Oxford BioMedica using the company's proprietary LentiVectorw gene delivery technology.
The large number of genes involved in the pathogenesis of IRDs is a major challenge for gene augmentation therapy today. Gene therapy mayalso not be suitable for autosomal dominant diseases with a dominant negative effect as the pathogenic mechanism. In such cases, suppression of the mutated copy may be more relevant (Farrar et al. 2010) . Other important factors that should be taken into account when considering gene therapy include availability of relevant animal models with suitable disease markers, prevalence of the disorder, knowledge of the disorder's natural history to determine a suitable window for treatment, function of the transgene product, and risks associated with overexpression of the transgene. Therapeutic strategies that are independent of the disease-causing mutation thus carry a great potential in IRDs.
Neuroprotection
A significant body of evidence has shown that neurotrophic factors such as brain-derived neurotrophic factor (BDNF), pigment epitheliumderived neurotrophic factor (PEDF), basic fibroblast growth factor (bFGF or FGF-2), and ciliary neurotrophic factor (CNTF) slow retinal degeneration in a number of animal models. A phase 1 trial performed in ten patients with advanced RP for a period of 6 mo indicated that CNTF delivered by intraocular encapsulated cell technology (NT-501 implant, Neurotech USA) is safe for the human retina even with severely compromised photoreceptors (Sieving et al. 2006) . A recent study spanning four clinical trials confirmed consistent safety of intraocular delivery of CNTF by intraocular encapsulated cell technology (NT-501 implants) over a 2-yr period in patients with RP and geographic atrophy (Kauper et al. 2012) . However, these studies have so far failed to show functional rescue as measured by best-corrected visual acuity and visual field sensitivity at 12 mo (Birch et al. 2013) . A phase 1-2 clinical trial with an NT-501 intraocular implant releasing CNTF to the retina of patients affected with CNGB3 achromatopsia is currently underway (see http:// ClinicalTrials.gov. Identifier: NCT01648452).
As previously emphasized, the initial loss of rods (owing to mutations in genes solely expressed in rods) is followed by degeneration of the cones, with loss of central vision and blindness. This is mechanistically puzzling, because the genetic lesion is present only in the rods. Preventing this secondary degeneration of cones may allow for treatment of a wide range of IRDs, as such therapy would be independent of the disease-causing mutation. Rod-derived cone viability factor (RdCVF) has been shown to induce cone survival and functional rescue in animal models of recessive and dominant RP (Leveillard et al. 2004; Yang et al. 2009 ) in a manner independent from either the mechanisms or extent of rod degeneration. RdCVF is now considered not only as an autocrine-and paracrine-acting neuroprotective agent but also as a physiological signal involved in the maintenance of photoreceptors, of importance during both aging and exposure to oxidative stress. It would be particularly well-suited for preventing the secondary degeneration of cones and for treating RP at a stage in which night blindness is associated with moderate central visual impairment (Leveillard and Sahel 2010) .
Alternative Pharmacological Approaches
A variety of pharmacological strategies have shown some potential efficacy in treating retinal degeneration; these include retinoid replacement, valproic acid therapy, and treatment with calcium channel blockers. Mutations in LRATand RPE65 cause disruption in 11-cis-retinal regeneration and account for 5% of all cases of LCA and RP (Thompson et al. 2001; Bereta et al. 2008) . Pharmacological retinoid replacement therapy for 11-cis-retinal deficiency thus carries the potential for treatment of human disease. Indeed, administration of 9-cis-retinoid has been shown to bypass defects in the visual cycle, restore visual function and slow the progression of retinal degeneration in Lrat 2/2 and Rpe65 2/2 mice (Van Hooser et al. 2000; Maeda et al. 2009 ). Similarly, long-term treatment with the 9-cis-retinal analog QLT091001 was well-tolerated and able to maintain retinal thickness and morphology in Lrat 2/2 , Rpe65 2/2 mice and Gnat1 2/2 mice (Maeda et al. 2013) . Based on these encouraging preclinical results, a safety proof-of-concept study to evaluate the effects of oral QLT091001 in RP subjects with an autosomal dominant mutation in RPE65 is currently underway (see http:// ClinicalTrials.gov. Identifier: NCT01543906). The antiepileptic drug valproic acid has some properties (neuroprotective and anti-inflammatory effects) and was also shown to act as a chaperone molecule for proper folding of rhodopsin mutants allowing to hypothesize potential therapeutic value in retinal degenerative diseases. A preliminary study with valproic acid had suggested therapeutic benefit in some patients with RP (Clemson et al. 2011) . However, the long-term follow-up of 31 RP patients revealed possible declines in visual acuity and field, suggesting caution in the use of this drug to treat pigmentary retinal dystrophies (Bhalla et al. 2013) . Efficacy and safety of oral valproic acid for RP is under clinical investigation (http://ClinicalTrials.gov. Identifier: NCT01399515). Some studies in animal models have shown that calcium channel blockers (e.g., diltiazem, nicardipine, nilvadipine, or nifedipine) inhibit photoreceptor degeneration (Frasson et al. 1999; Takano et al. 2004) , and a 30-mo clinical trial recently reported that nilvadipine at 4 mg/d significantly retarded progression of central visual field defects in RP (Nakazawa et al. 2011 ).
Retinal Prosthetics
In IRDs, parts of the inner retina survive even after complete degeneration of the retinal photosensitive layer and remain responsive to electrical simulation even in late stages of the disease (Humayun et al. 1996) . Visual neuroprosthetics use electrical stimulation to activate the remaining inner retinal network, allowing these cells to take over the function of the lost photoreceptors. Different groups worldwide are currently working on retinal implant devices. The longest and largest follow-up data at present were reported for the epiretinal implant Argus II, made by the U.S. company Second Sight Medical Products (Humayun et al. 2003) . This device is positioned on the surface of the retina (between the surface of the vitreous and the retina). It communicates directly with the ganglion and bipolar cells, receiving light signals from an external camera system. Long-term safety results showed that 70% of patients with profound visual loss implanted with Argus II did not have any serious adverse events; most of them performed better on visual tasks, including object localization, motion-and oriented grating discrimination, identification of letters and words, and even reading short sentences (Humayun et al. 2012; da Cruz et al. 2013) . Argus II can also simulate visual Braille as a sensory substitute for reading (Lauritzen et al. 2012) . Argus II received the first-ever commercial use approval (Europe, 2011; the United States, 2013) for a retinal prosthesis device to treat adult patients with retinal degenerative diseases such as advanced RP.
Subretinal implants are positioned between the retina and the choroid to replace degenerated photoreceptors and receive light directly from the environment (Zrenner 2002) . Because of the proximity to the surviving neurons in the visual pathway, this approach may offer better inherent mechanical stability and may possibly require less current for effective stimulation, but it remains challenging from a surgical point of view. Clinical trial data (NCT0102480) obtained with the subretinal device made by Retina Implant AG (the wirelessly powered subretinal implant alpha-IMS) in profoundly blind patients with RP showed stable visual percepts, restoration of useful vision in daily life, and even identification of objects and letters (Zrenner et al. 2011; Stingl et al. 2013 ). The subretinal implant technology of Retina Implant AG received CE marking in July 2013. In a novel prosthetic device, the photovoltaic subretinal prosthesis, video goggles deliver both power and visual information directly to each pixel through pulsed near-infrared illumination (Mathieson et al. 2012 ). The implant is thin and wireless, the surgical procedure appears simple, all pixels in it function independently, and the natural link between image perception and eye movement is preserved. Both epi-and subretinal implants require an intact optic nerve pathway to function. Despite the great technical progress, the quality of the images achieved with retinal prosthetic devices remains a challenge. New electrode designs and new materials aiming at improving visual resolution and safety profiles are currently under investigation.
Optogenetics
Optogenetics combines genetic strategies that target light-sensitive proteins within the cells and optical stimulation to activate these selectively targeted proteins. To restore useful vision in blind patients, optogenetics takes advantages of two facts: (i) Even after the occurrence of blindness caused by IRD, many cone photoreceptors survive and maintain their cell body for extended periods (Li et al. 1995 , Lin et al. 2009 ); and (ii) the remarkable proteins channelrhodopsin-2 (ChR2) (Nagel et al. 2002; Boyden Cite this article as Cold Spring Harb Perspect Med doi: 10.1101/cshperspect.a017111
et al. 2005) and halorhodopsin (NpHR) (Zhang et al. 2007 ) function as light-gated ion channels. The key goal of optogenetic vision restoration is to convert strategically important retinal cell types into "artificial photoreceptors." Indeed, ChR2 has been targeted to ON bipolar cells of rd1 mice, after which cells with morphological features of ON ganglion cells responded to increases in light intensity. Light-evoked activity was measured in the cortex, and visually evoked behavior was documented (Lagali et al. 2008) . Recent studies have shown that NpHR introduced to surviving cone cell bodies in two mouse models of RP reactivated retinal ON and OFF pathways, as well as the retinal circuitry, and enabled RP mice to perform visually guided behaviors (Busskamp et al. 2010) . Moreover, NpHR targeted to human postmortem photoreceptors with no measurable intrinsic rodor cone-mediated photosensitivity restored light responses in photoreceptor cells, clearly showing that reactivation of the surviving retinal structures and phototransduction cascade required for vision is possible (Busskamp et al. 2010) . These preclinical data hold promise that legally blind patients or severely visually impaired patients with no visual field but with a preserved layer of cone bodies (visible on OCT) could be eligible for optogenetic functional restoration of cones. Key advantages of optogenetics as a therapeutic approach for IRDs include: (i) It may provide artificially stimulated retinal activity that resembles the normal activity of retinal circuits, because these retinal cells are already connected to other retinal circuit elements in a biologically relevant way; and (ii) it is gene/mutation-independent. Different strategies for optogenetic vision restoration, including their advantages and possible combination with other methods to slow retinal degeneration and/or restore vision were recently reviewed in (Busskamp et al. 2011; Sahel and Roska 2013) .
Cellular Therapy
Transplantation of retinal cells is another potential strategy to restore vision in patients with IRDs. Development of synaptic connections and functionality is of major importance, although efficacy and safety in implanting fetal retina with accompanying RPE in AMD and RP patients has already been reported (Radtke et al. 2008) . Transplantation of photoreceptor precursor cells is an alternative approach. Indeed, initial data showed that transplanted progenitor or precursor cells isolated at the correct ontogenetic stage from the developing retina can integrate into the host retina and differentiate into rod photoreceptors (MacLaren et al. 2006) . Recent findings confirmed the survival and differentiation of some photoreceptors derived from three-dimensional embryonic stem cell (ESC) cultures: ESC-derived photoreceptor cell precursors showed capability to integrate and mature, and to form outer segments and some synaptic connections after transplantation into the degenerate adult mouse retina, thus supporting the utility of ESC-derived cells for photoreceptor replacement therapy (whether similar integration can be achieved using human cells remains to be established as well as the functional improvement provided) (GonzalezCordero et al. 2013) . The main advantage of cell therapies as a source for regenerative therapy is that they are gene-independent and thus can be applicable to broader range of retinal diseases. Pluripotent stem cells like human embryonic stem cells (hESCs) or human induced pluripotent stem cells (hiPSCs) can be expanded indefinitely in culture and could be used as an unlimited source of retinal cells for treatment of IRDs (Zhao et al. 2002; Osakada et al. 2008; Hirami et al. 2009; Lamba et al. 2009; Lamba et al. 2010 ). The first-ever safety and tolerability prospective clinical trial to evaluate subretinal injection of hESC-derived RPE cells in patients with dry age-related macular degeneration and Stargardt macular dystrophy (see http:// ClinicalTrials.gov. Identifier: NCT01345006) is currently underway, and very early results suggest no major safety concern (no signs of hyperproliferation, tumorigenicity, ectopic tissue formation, or apparent rejection after 4 mo) . As hiPSCs can be obtained directly from the patient, they have the advantage of being autologous and therefore less-immunogenic than hESCs (although hiPSCs vary in pluripotency and may differentiate less-efficiently than do ESCs). Retinal cells derived from hiPSCs have been generated by different laboratories worldwide, and some groups are currently setting up human clinical trials with hiPSC-derived RPE for treatment of age-related macular degeneration (e.g., pilot clinical study to assess the safety and feasibility of the transplantation of autologous iPSCs in patients with exudative agerelated macular degeneration started in Japan in 2013) (see http://www.riken.jp/en/pr/press/ 2013/20130730_1). Advances in research into iPSC applications for treatment of retinal degeneration were recently reviewed in detail by Cramer and MacLaren (2013) .
Sensory Substitution Devices
Technologies transforming auditory or tactile information into visual sensory information have recently been developed. Clinical studies currently assess the capacities of the visualto-auditory sensory substitution device called "The vOICe." They showed that blind and blindfolded participants can locate and identify objects through images encoded by sound (Auvray et al. 2007; Merabet et al. 2009 ). Even congenitally fully blind adults could be taught to read and recognize complex images using "soundscapes," sounds topographically representing images (Striem-Amit et al. 2011 , 2012a . Results of these studies clearly show the possibility of compensating for some effects of early and long-lasting or lifelong blindness or restore vision by providing visual-like experience via sensory substitution. BrainPortw is a device that translates information from a digital video camera to the tongue, because this organ has the capacity to act as a portal to convey somatosensory information to the visual cortex. The device uses a gentle electrical stimulation to create a tactile "image" that helps blind individuals to recognize high-contrast objects, their location and movement, and some aspects of perspective and depth (Sampaio et al. 2001; Chebat et al. 2007) . As sensory substitution devices are noninvasive and cheap, although they require training in a scale of hours (Striem-Amit et al. 2012b) , they represent an attractive alternative to other therapeutic approaches. They can serve as aids for the blind in daily visual tasks and can be used in combination with other therapeutic approaches for vision restoration.
APPROPRIATE PATIENT EVALUATION AND SELECTION
Identifying patients who can benefit from these innovative treatments is a crucial step in the process of assessing a patient's needs and selecting appropriate therapy. A key technology for this identification is in vivo, noninvasive imaging of the retina, which can provide objective clinical validation and may allow monitoring of both disease progression and treatment efficacy. Optical coherent tomography is particularly useful for examining retinal architecture and, more specifically, the outer retina structure, and photoreceptor inner/outer segment border. Adaptive optics fundus imaging is particularly suited for exploration of the healthy and dystrophic retinal structures, including photoreceptor detection and counting, and accurate documentation of RPE changes (Gocho et al. 2013 ). These high-resolution imaging techniques can help to select patients for clinical trials (e.g., to define the area of subretinal injection and diminish potential hazards resulting from injection) and may have important implications for establishing functional correlates and studying therapy outcomes. Functional studies (e.g., microperimetry) are also of crucial importance for establishing the benefit of these novel therapies, and they should be extended beyond testing visual field and visual acuity. Standardized mobility and task-related tests are needed both for assessment of the subjective visual handicap and for a reliable evaluation of the actual benefit for the patient. Development of new rehabilitation programs and devices, especially those that take advantage of visual plasticity ( persisting even in old age) should be of paramount importance.
CONCLUDING REMARKS
An improved understanding of disease mechanisms is the first step in developing effective
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therapies for IRDs. To date, the advances in sequencing technologies have contributed to a rapid gain of knowledge and will certainly lead to discovery of new, as-yet unknown causative genes implicated in the pathophysiology of IRDs, with the ultimate goal of providing treatment for these incurable disorders. Indeed, a recent study using targeted RNA capture to perform large-scale validation of novel transcriptome features provided an unprecedented level of information regarding the human retinal transcriptome, identifying almost 30,000 novel exons and 116 putative novel genes (Farkas et al. 2013) . Further studies will be required to uncover the function of these new genes in the retina. In addition to efficient and accurate genotyping, thorough clinical characterization of patients and families and genotype -phenotype association studies are the key toward improving diagnosis and allowing for appropriate genetic counseling with reliable predictions of disease course and prognosis. This knowledge will provide a foundation for development of preventive and/or therapeutic strategies, help to determine the risk/benefit profile of treatments and allow patients to make informed lifestyle decisions. The advent of several promising therapeutic approaches puts even more emphasis on genotype -phenotype correlations, extensive evaluation of disease markers during natural history, and analysis of treatment efficacy.
